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Introduction
Four-membered rings of the type [XP(-NR)] 2 (known as cyclodiphosph(III)azanes) occupy a prominent position in the long and venerable history of inorganic ring systems.
1,2 The incorporation of P 2 N 2 rings as building blocks in macrocycles has been a significant feature of recent investigations of these heterocycles. For example, Wright et al. have generated cyclic oligomers with bridging amido groups that are able to encapsulate halide ions suggesting applications in host-guest chemistry. 3 The same group has also characterised P 2 N 2 macrocycles with bridging chalcogen (E) atoms, including a tetramer (E = O) 4 and a hexamer (E = Se); 5 the P atoms in the latter are in different formal oxidation states (III and V). More recently, Balakrishna et al. have reported intriguing Cu 4 X 4 (X = Br, I) clusters with cyclo-P 2 N 2 linkers that resemble a sodalite framework. 6 Balakrishna has also described functionalised P 2 N 2 macrocycles with gold-bridges that incorporate a ClO 4 − ion. 7 The P(III)/P(III) systems with terminal alkylamido groups are readily oxidised by selenium or sulfur to give the corresponding P(V)/P(V) heterocycles, e.g. [ t BuNH(E)P(-
In more recent work we demonstrated that two-electron oxidation of the dianions 2Se 2− and 2S 2− with I 2 generates trimeric macrocycles with a planar P 6 E 6 framework 9Se and 9S, respectively. 10 Although the cavity of the ring in 9Se and 9S is too small to accommodate metal ions, we were inspired by the reports of 12 In the light of this result we decided to take a different approach to the synthesis of macrocycles incorporating P 2 N 2 E 2 building blocks and coinage metals, namely metathetical reactions of 3Se and 3S with various M(I) reagents (M = Ag, Au). In this contribution the geometrical influence of the coinage metal is evaluated through reactions of 3Se with Ag(NHC)Cl, Ag [BF 4 ] and AuCl(THT). In view of the additional information available from NMR spectra of selenium-containing compounds ( 77 Se, I =1/2, 7.6 %), the emphasis of these studies has been on reactions of 3Se. However, the consequence of changing the chalcogen was also assessed via an examination of the reaction of 3S with AuCl(THT). Finally, the outcome of the reaction of 3Se with HgCl 2 , as an example of a divalent metal that favours linear geometry, was also explored.
Results and discussion
Synthesis, X-ray structures and NMR spectra of silver complexes of 2SeH − Scheme 1 Synthesis of the Ag(I) complex 11.
A crystal structure of 11 was obtained after recrystallisation from n-hexane at −40 °C. As illustrated in Fig. 1 (12) were isolated after recrystallisation of the compound in n-hexane at −40 °C. The molecular structure is illustrated in Fig. 2 together with selected geometrical parameters. 17 The silver centres in all three compounds are each bound to two-coordinate chalcogen centres from one ligand and one bridging, three-coordinate chalcogen from an adjacent ligand. As illustrated in Fig. 3 , the eight-membered ring in 12 exhibits a C-shaped zigzag arrangement. . 15 Compared to the mononomeric structure of 11, the incorporation of Ag in an eight-membered ring effects a substantial distortion from trigonal geometry in 12 (Σ<Ag1 = 359.8°, range 108.6-134.4°). The 31 P NMR spectrum of 12 in toluene exhibits two wellseparated broad singlets at 13.9 and −55.4 ppm for the two phosphorus environments of the 2SeH − ligands. However, the 1 J(Se,P) values could not be discerned owing to the broadness of the resonances, which may be the result of a rapid (proton) exchange process. 16 Unfortunately, low temperature could not be acquired owing to the poor solubility of 11 and 12.
Synthesis, X-ray structures and NMR spectra of a trimeric gold(I) macrocycle
We next turned our attention to the reactions of the dianionic reagents 3Se with AuCl(THT) in order to evaluate the influence Scheme 3 Synthesis of the trimeric Au(I) macrocycle 13.
The crystal structure of 13 was elucidated after recrystallisation of the compound in n-hexane at −40 °C, which yielded pink prism-shaped crystals (Fig. 4) . As was the case for 11 and 12, the monoprotonated ligands 2SeH − in 13 balance the charge of the Au + centres giving an overall neutral macrocycle. The gold-containing macrocycle 13 is closely related to the previously reported trimer 9Se by the formal insertion of Au atoms into the three Se-Se bonds of the latter, except that none of the exocyclic nitrogen centres are protonated in the "goldfree" ring. The different structure-directing influence of the coinage metals in 12 and 13 is noteworthy. In contrast to the trigonal coordination exhibited by the Ag + ions in 12, the SeAu-Se units in 13 are essentially linear ((Se-Au-Se) = 178.30(5)°) with almost equal Au-Se bond lengths of 2.396(2) and 2.419(2) Å. The Au 3 Se 6 P 6 framework in 13 is planar with the P 2 N 2 rings perpendicular to this plane, as observed for 9Se. 10 The markedly different P-N bond lengths for the exocyclic nitrogen atoms in 13, (d(P-N) = 1.616 (9) only one resonance was observed in the 31 P NMR spectrum of the "gold-free" trimer 9Se in solution (however, two signals were evident in the solid-state spectrum, consistent with the crystallographic inequivalence of the P atoms of the P 2 N 2 rings in 9Se). 10 This observation indicates that, in contrast to 9Se, the The space-filling model of 13 (Fig. 5) shows only a small cavity in the centre of the macromolecule; the transannular Se1···Se1′ distance is 3.545 Å in 13, cf. 3.315 Å in 9Se. 10 For comparison, the folded conformation of the tetrameric silver(I) metallocycle 12 ( Fig. 3 ) exhibits a range of transannular Se···Se distances (3.686, 4.184 and 4.778 Å), the shortest of which provides inadequate room for the entrapment of small anions (Fig. 5 ).
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Fig. 5 Space-filling models of 12 and 13; H and C atoms are omitted.
Synthesis, X-ray structure and NMR spectra of a ladder with three Au 2 units
In order to determine the effect of changing the chalcogen on the nature of the gold complex formed, the reaction of the sulfur reagent 3S with AuCl(THT) was investigated. A colourless product, which was shown to have a unique twisted ladder-like structure (14, Scheme 4) was isolated in 49 % yield; the diprotonated precursor 1S was identified as a minor byproduct in the 31 P NMR spectrum of the reaction mixture.
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Scheme 4 Synthesis of the ladder complex 14 incorporating three Au 2 units.
Colourless crystals suitable for a single crystal X-ray analysis were isolated after recrystallisation of 14 from nhexane at −40 °C. The molecular structure is illustrated in Fig.  6a , which also gives selected geometrical parameters. Hydrogen atoms omitted for clarity, but the N6 atoms are protonated (b) two views of the ladder arrangement of Au 2 units in 14. Selected bond lengths (Å) and bond angles (°): Au1-Au1' 2.8737(7), Au2-Au3 3.002, Au1-S1 2.291(2), Au1-S2 2.289(2), Au2-N1 2.047(6), Au2-N5 2.073(6), Au3-S3 2.288(2), Au3-N2 2.082(6), S1-P1 2.036(3), S2-P2 2.040(3), S3-P3 2.036(3), S4-P4 1.929(3), P3-N5 1.596(7), P4-N6 1.642(7); <S1-Au1-S2 = 167.4(1), N1-Au2-N5 = 171.1(2), S3-Au3-N2 = 172.0(2).
Complex 14 adopts a centrosymmetric structure comprised of three dinuclear Au 2 units (total formal charge +6), two dianionic bridging ligands 2S 2− , and two monoanionic ligands
2SH
-in terminal positions in a ladder-like arrangement to give a neutral complex. As depicted in Fig. 6b (left-hand side) 
Synthesis, X-ray structure and NMR spectra of a spirocyclic mercury complex
In view of the structure-directing effect of the coinage metal centre in the formation of the products of the reactions of 3Se with Ag(I) and Au(I) reagents, we decided to investigate the metathesis of this reagent with a halide of a divalent metal that favours linear geometry. The reaction of HgCl 2 with 3Se in toluene at −78 °C yielded a variety of products of which the major component (based on the 31 P NMR spectrum of the reaction mixture), was isolated in 9 % yield and identified as Scheme 5 Synthesis of the spirocyclic mercury complex 15.
The crystal structure of 15 was elucidated after recrystallisation from n-hexane at −40 °C. The molecular structure is depicted in Fig. 7 together with selected geometrical parameters. 
Conclusions
The attempted metathetical reactions of the dianion 2Se 2− with coinage metal and mercury reagents generated novel macrocyclic and spirocyclic complexes of the corresponding monoprotonated anion 2SeH − . 13 Although the isolated yields of 12, 13 and 15 are low, now that these novel complexes have been structurally identified, the use of the known reagent [Li(THF) 2 ][2SeH] 30 in metathesis with the appropriate metal halide can be expected to enhance the yields substantially. An interesting structure-directing effect was noted in the outcome of the reactions of 3Se with Ag(I) and Au (1) reagents. Whereas the trigonal geometry favoured by Ag(I) generates a tetrameric macrocycle with partially bridging ligands (threecoordinate selenium centres), the linear arrangement preferred for Au(I) imposes a trimeric arrangement with only twocoordinate selenium atoms. The latter complex is related to the previously reported trimeric macrocycle 9Se through the formal insertion of Au atoms into the Se-Se bonds except that none of the exocyclic nitrogen atoms are protonated in the "gold-free" ring.
Complex 14 is the first example containing both 2S 2− and
2SH
− ligands and the arrangement of three Au 2 units is unique.
Theoretical studies to elucidate the nature of the Au···Au interaction are warranted. 28 In addition, future experimental investigations should address the photophysical properties of 14 in view of the potential applications of d 10 gold(I) complexes emanating from their unique photochemical properties.
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Experimental Section
Reagents and general procedures All synthetic manipulations were performed under an atmosphere of dry argon using standard Schlenk-line techniques and/or a Saffron glove box running with argon unless otherwise stated. All glass apparatus was stored in a drying oven (120 °C) and flame-dried in vacuo (10 −3 mbar) before use. Dry solvents were collected from an MBraun solvent system under a nitrogen atmosphere and stored in Schlenk flasks over 4 Å molecular sieves or were dried and purified using common procedures. 31 All chemicals were purchased from Sigma Aldrich and used without further purification. 
Instrumentation
Preparation of 12
Procedures were similar to those described for 11 using 3Se (500 mg, 0.60 mmol) and 
Preparation of 13
Procedures were similar to those described for 11 using 3Se (500 mg, 0.60 mmol) and AuCl(THT) (192 mg, 0.60 mmol). Total yield of red crystals = 14 %). The 31 P NMR spectrum of the filtrate revealed additional amounts of 13 that could not be separated from the by-product 1Se. 1 Accurate elemental analyses could not be obtained owing to a minor contamination of the product with AuCl(THT).
Preparation of 14
Procedures were similar to those described for 11 using 3S (500 mg, 0.68 mmol) and AuCl(THT) (216 mg, 0.68 mmol).
Yield of colourless crystals = 49 %). 
Preparation of 15
Procedures were similar to those used for 11 using 3Se (500 mg, 0.60 mmol) and HgCl 2 (163 mg, 0.60 mmol). Crystal structure determinations X-ray analysis for 11-15 were performed using a Rigaku FRX (dual port) rotating anode/confocal optic high brilliance generator with Dectris P200 detectors, and Oxford Cryostream Cobra accessory at −180(1) °C. All data were collected with Mo-Kα radiation (λ = 0.71073 Å) and corrected for Lorentz and polarisation effects. The data for all of the compounds were collected and processed using CrystalClear (Rigaku). 33 The crystal structures were solved using direct methods 34 or heavyatom Patterson methods 35 and expanded using Fourier techniques. 36 The non-hydrogen atoms were refined anisotropically, hydrogen atoms were refined using the riding model. 
